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The rapid synthesis of large quantities of virus-specific
nucleic acids and proteins during virus replication must
divert resources away from normal cellular processes.
This means that in the absence of any other factor the
extent of virus accumulation will reflect the relative
strengths of the host and the virus in a competitive arena.
However, we know that the virus can modify the de-
mands of the host through the down-regulation of the
expression of cellular genes, an effect called host gene
‘‘shutoff.’’
The shutoff phenomenon has been studied most ex-
tensively for animal viruses in synchronously infected
cultured cell lines. Since shutoff must occur within the
time frame of the virus multiplication cycle (sometimes
only a few hours), this technical approach has undoubt-
edly been a key factor in the analysis of the underlying
mechanisms. The nearest equivalent systems for plants
are cell suspension cultures and isolated protoplasts.
Neither of these support virus multiplication cycles with
a similar time scale. We have employed a different strat-
egy for the analysis of plant responses to virus replica-
tion. By applying cell biological techniques, particularly
in situ hybridization and immunohistochemistry, we have
shown that cells at the front of virus invasion in intact
tissues experience host gene shutoff. Specifically, we
have shown for at least 10 different cellular genes that
there is a complete inhibition of their expression asso-
ciated with the replication of a plant virus, pea seed-
borne mosaic virus (PSbMV; Wang and Maule, 1995).
These experiments are technically more demanding than
are experiments with cell cultures, but they offer the
benefit of drawing conclusions directly related to the
particular tissue.
Generally, we can now say that shutoff is a common
phenomenon associated with animal and plant virus
replication, although the precise mechanism whereby it
is achieved varies widely. For the purposes of this review,
shutoff will be considered distinct from alterations in the
expression of host genes involved, for example, in con-
trolling apoptosis or the cell cycle.
THE SHUTOFF MECHANISMS
The mechanisms that bring about the shutoff phenom-
enon can be generally applicable to a range of virus
infections or they can be highly specific. The latter is
dependent upon molecular interactions between partic-
ular virus- and host-encoded products. An example of a
general mechanism is the higher tolerance of viral RNA
translation (relative to that for cellular mRNA) to changes
in intracellular ion concentrations following virus infec-
tion (Garry et al., 1979). Another general mechanism may
be linked to what appears to be a universal host re-
sponse to viral infection. The activation of double-
stranded RNA-dependent protein kinase (PKR) takes
place during virus replication in plants or animals (Crum
et al., 1988; Samuel, 1993). The activated PKR phospho-
rylates the a subunit of eIF-2, inactivating this translation
factor and inhibiting protein synthesis. The effect is gen-
eral, so that a broad inhibition of translation would be
expected. It is clearly important that all viruses should be
able to avoid this effect. It has been proposed that viral
RNA achieves this by competing more effectively than
host mRNAs for residual nonphosphorylated eIF-2a and
the translation initiation complex (Frolov and
Schlesinger, 1994), leading to preferential translation of
viral RNA. There is also evidence, however, that viruses
can specifically inactivate the PKR-mediated response
by using a range of different mechanisms. For example,
in some cell types the g1 34.5 protein of herpes simplex
virus-1 (HSV-1) prevents the shutoff induced by PKR
activation by forming a complex with protein phos-
phatase 1a and directing it to dephosphorylate phospho-
eIF-2a (He et al., 1997).
Many virus/host interactions have been analyzed with
regard to the specific mechanisms leading to host shut-
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off. Animal virus studies indicate that shutoff can operate
at different points along the pathway for eukaryotic gene
expression (Fig. 1). Since all viruses need some compo-
nents of the pathway for genome replication and expres-
sion, the shutoff process must be selective. For cytoplas-
mically replicating viruses the shutoff might include the
nuclear functions such as transcription and mRNA mat-
uration and export. For DNA viruses that replicate in the
nucleus and where wholesale inhibition of these key
processes would be inappropriate, more specific control
is employed. The examples listed below illustrate these
points and show that any of the key control steps on the
pathway can serve as targets for shutoff.
Transcription
Poliovirus (PV) is a RNA virus which replicates in the
cytoplasm and exerts a shutoff of nuclear functions. In
fact, the inhibition of cellular transcription by PV is the
best characterized example of a virus-induced block to
transcription. This involves an inhibition of RNA pol II
transcription by PV protease 3Cpro. The effect can be
reproduced by incubating extracts from uninfected cells
with purified, recombinant 3Cpro protein, and after tran-
sient expression of 3Cpro in vivo, in the absence of any
other viral proteins (Yalamanchili et al., 1996). 3Cpro mi-
grates to the nucleus in PV-infected cells and can cleave
the nuclear TATA-binding protein, a subunit of the gen-
eral transcription factor TFIID supporting pol II activity
(Clark et al., 1993), although whether this is causal in
inhibiting transcription remains to be proven (Yalaman-
chili et al., 1996). It is possible that this function of 3Cpro
may be the sole reason for the location of the protein
within the nucleus.
mRNA maturation
HSV-1 (a nuclear replicating virus) influences host
mRNA maturation through the action of its IE63 (also
known as ICP27) gene product. This is seen as reduced
accumulation of host spliced mRNA accumulation. Some
HSV-1 mutants defective in IE63 function are also defec-
tive in host shutoff and show a lesser effect on host
mRNA splicing (Hardwicke and Sandri-Goldin, 1994).
IE63 brings about a redistribution of snRNPs (the major
components of the splicesome), an activity that can oc-
cur in the absence of any other viral protein. During
infection the expression of IE63 correlates with and is
essential for this effect (Phelan et al., 1993), although the
precise relationship between snRNP redistribution and
the inhibition of splicing remains to be clarified. It is
noteworthy that few HSV-1 genes contain introns. Hence,
HSV-1 can disrupt the splicing machinery of the cell to
promote the preferential maturation of a majority of its
own transcripts.
Nucleocytoplasmic transport of mRNA
Vesicular stomatitis virus (VSV) controls nucleocyto-
plasmic transport of host mRNAs. The virus replicates in
the cytoplasm and imposes a broadly effective block to
the export of host mRNAs and proteins from the nucleus.
This block is mediated by the VSV matrix (M) protein. The
M protein has been shown to localize to the nucleus of
the infected cell and to block nuclear export in Xenopus
laevis oocytes. The pattern of inhibition suggests that the
M protein interferes with transport mechanisms depen-
dent on the guanosine triphosphatase (GTPase) Ran and
its associated factors (Her et al., 1997). In contrast, sub-
group C human adenoviruses, which replicate in the
nucleus, must employ a more subtle strategy in the
modification of nucleocytoplasmic transport. In this case,
most cellular mRNAs, although transcribed, fail to enter
the cytoplasm efficiently during the late phase of infec-
tion, whereas viral mRNAs and some cellular RNA spe-
cies are translocated. This selective block requires the
synthesis of the viral E1B-55K and E4 proteins, although
the mechanisms by which these proteins induce such an
effect are not yet understood (Halbert et al., 1985; Pilder
et al., 1986).
Translation and mRNA stability
The most studied example of a block to translation is
that seen for the picornaviruses, particularly PV infection
of HeLa cells. PV needs the translation apparatus of the
cell for its own expression; therefore, the block that PV
induces on translation has to be selective. Here an arrest
of translation initiation occurs when the PV 2Apro cleaves
the eukaryotic initiation factor 4G (eIF4G, formerly p220),
a subunit of eIF4F. The modified eIF4F becomes inactive
for cap-dependent translation of cellular RNAs but re-
mains functional for translation of the uncapped viral
RNAs by internal ribosome entry (reviewed in Wyckoff,
1993).
Host shutoff can also be achieved by decreasing
mRNA stability. The HSV-1 structural protein, vhs (virion
host shutoff; Smibert et al., 1992) has messenger ribonu-
cleolytic activity in vitro and seems to be responsible for
the nonspecific degradation of mRNAs in vivo (Zelus et
al., 1996). In this case, the degradation of mRNA can also
affect viral RNA but, as we will comment later, a temporal
regulation of vhs activity, combined with the ability of
HSV-1 to interfere with splicing, provides mechanisms
for selective control of shutoff throughout the HSV-1
replication cycle. This widespread degradation of host
mRNAs is the closest parallel to the situation we have
observed for the plant-infecting potyvirus, PSbMV. This
virus is related to PV, in the Picornaviridae, and repli-
cates in the cytoplasm. We have shown that many host
mRNAs are lost very rapidly following the onset of viral
RNA replication (Wang and Maule, 1995). Based upon the
probability that these mRNAs have different half-lives we
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FIG. 1. The pathway of eukaryotic gene expression and some examples of viruses for which a mechanism of shutoff has been proposed. The points
of impact by particular viruses are indicated on the right. PV, poliovirus; HSV-1, herpes simplex virus 1; VSV, vesicular stomatitis virus; EMCV,
encephalomyocarditis virus; hnRNP (particle), heterogeneous nuclear ribonucleoprotein particle.
favor a mechanism of mRNA degradation. We do, how-
ever, see some selectivity in this process as some host
mRNAs accumulate and are translated (Aranda et al.,
1996). We cannot rule out a further more specific impact
on transcription and/or translation that may be revealed
only after more detailed analysis.
SHUTOFF REGULATION
One appealing feature of the shutoff phenomenon is
that it offers an additional level of control when an im-
mediate suppression of host gene expression is impor-
tant or when some host gene functions are needed
during just a short phase of the virus multiplication cycle.
For example, the 1600 to 1800 copies of the M protein
within the VSV particle have the potential to close down
host gene expression immediately after decapsidation
(Her et al., 1997). In contrast, since the accumulation of
the two PV shutoff proteins, 2Apro and 3Cpro, requires
viral gene expression, the very earliest phases of virus
replication must occur in the absence of shutoff.
The ability of some viruses to impact the pathway of host
gene expression at more than one point (Fig. 1) gives
added flexibility. The dual mechanisms of shutoff shown by
HSV-1 illustrate well how the processes can be phased to
meet with the requirements for viral gene expression. Since
the vhs protein of HSV-1 is present within the virus particle,
shutoff through the degradation of mRNAs can be estab-
lished soon after decapsidation and independently of de
novo protein synthesis. This mechanism is relieved soon
after infection through the action of the early/late gene
product VP16 which binds to, and neutralizes, vhs. This is
followed by a second level of control conferred by the
HSV-1 IE63 protein. IE63 only functions to disrupt the splic-
ing machinery after the expression of the HSV-1 a (imme-
diate early; IE) subset of viral genes. These genes include
three of the four intron-containing HSV-1 genes (Phelan et
al., 1993; Lam et al., 1996; Zelus et al., 1996). In this way,
splicesome disruption selectively affects host, but not viral,
mRNA splicing. The reason for the dual control of host gene
expression provided by PV 2Apro and 3Cpro does not seem
to have been investigated. However, the potential for tem-
poral control of the host must be less for a picornavirus that
is dependent upon polyprotein processing for its gene
expression.
For all the animal viruses studied there is no ‘‘down-
stream’’ regulation of the overall shutoff phenomenon,
i.e., it persists to the end of the infection cycle, when
cytopathic effects (CPE) may become apparent. The sit-
uation is different in plants where shutoff coincides with
the phase of virus replication but is subsequently re-
lieved when host gene expression is restored.
SOME HOST GENES ESCAPE SHUTOFF
Against a background of down-regulation of host gene
expression there are examples of host genes that escape
and may even show coordinate induction. This has been
illustrated in PSbMV-infected peas, where spatial analysis
showed that at the same time as many host mRNAs were
removed from the infected cell, HSP70 and polyubiquitin
mRNA accumulation increased (Fig. 2); these RNAs were
translated to give increased protein accumulation in the
shutoff zone. The period of induction, however, was shorter
than the shutoff period (Aranda et al., 1996). Hence, these
induced genes, like the viral RNA, have the ability to escape
shutoff. What makes these cellular genes refractory to shut-
off? Perhaps some structural features in the mRNA dictate
the ability to escape mRNA degradation. Since HSP70 and
polyubiquitin genes in pea are subject to heat shock control
(Watts and Moore, 1989; DeRocher and Vierling, 1995), and
heat shock is associated with the degradation of other
mRNAs (Belanger et al., 1986), it is possible that the same
mechanism may apply during virus replication. The 59-
untranslated leader sequence of a plant HSP70 mRNA
(Pitto et al., 1992) confers RNA stability during heat shock.
This does not, however, explain the induction of HSP70,
b-tubulin and interferon in HeLa cells infected with sub-
group C adenoviruses, as induced expression correlates
with transcriptional activation but not with conserved struc-
tural features in the mRNAs (Yang et al., 1996).
What is the purpose for the protection of some host
genes from shutoff? Chaperones and the ubiquitin path-
way have been implicated in viral protein function. For
example, HSP90 and possibly other chaperones are re-
quired for the activity of duck hepatitis B virus reverse
transcriptase (Hu et al., 1997). Moreover, some viral ge-
nomes have been shown to encode sequences with
significant homology to HSP genes (Dolja et al., 1994).
The selective and rapid degradation of the encephalo-
myocarditis virus (EMCV) 3Cpro via the ubiquitin pathway
may be a necessary event in the viral replication cycle
(Lawson et al., 1994). These points indicate a direct
requirement for the function of the induced gene. Alter-
natively, the induction might be an indirect consequence
of other activities associated with virus replication. For
example, it is possible that the cell senses the loss of
gene expression as equivalent to an abiotic shock (e.g.,
heat) which leads to the induction of heat shock-related
genes (e.g., HSP, polyubiquitin, etc). It is also possible
that the expression of HSP genes are negatively regu-
lated by the availability of free cytosolic HSP (reviewed in
Mager and Kruijff, 1995); the diversion of HSP into chap-
erone activity (e.g., to assist in virus protein function)
might itself be the cause of HSP induction. Of course, a
combination of these explanations could apply where it
is to the advantage of the virus to indirectly trigger a
stress-related response.
The examples we have given in this section empha-
size induced host genes that escape shutoff. The possi-
bility of the existence of host genes that remain unaf-
fected by shutoff has received little attention, although
more quantitative responses to HSV-1 transcriptional
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shutoff have been noted (Spencer et al., 1997). It would
be valuable to know whether there are classes of such
unaffected genes and what roles they might have in
relation to virus replication.
IS SHUTOFF ESSENTIAL FOR VIRUS
MULTIPLICATION?
Some of the same arguments that relate to the signif-
icance of host gene induction also apply to the essential
nature of shutoff itself, i.e., is it prerequisite for virus
multiplication or an indirect consequence of viral protein
function? If the former were true, the ability of the cell to
avoid shutoff would give resistance to virus infection. In
reality, the situation is probably more subtle.
Certainly, the preservation of the shutoff phenomenon for
a wide range of viruses of animals, plants, and bacteria
argues for its importance in virus evolution. For example, in
a single virus family (the Picornaviridae), the mechanism of
shutoff through the action of 2Apro is well conserved. EMCV
may be an exception here since although shutoff is pre-
served, it depends upon the activation of a translational
repressor, 4E-BP1, that inhibits cap-dependent translation
by binding to the cap-binding subunit eIF4E (Gingras et al.,
1996). However, this is associated with the infection of
Krebs II cells rather than Hela cells and could be related to
tissue tropism.
There are examples that indicate that a quantitative,
and therefore selective, advantage may be conferred by
shutoff. A vhs mutant of HSV-1 was impaired in its ability
to suppress host translation and also showed reduced
growth compared to the wild-type virus (Kwong et al.,
1988). The replication of PV in K562 cells was less than
that in HeLa cells and this correlated with an inability of
the virus to induce shutoff of cell protein synthesis in
K562 (Benton et al., 1995). A more direct link between
shutoff and the level of replication might be difficult to
demonstrate since the virus gene products involved in
shutoff often have additional roles, e.g., in replication.
Nevertheless, it would appear that shutoff is important,
although not an absolute prerequisite for virus repli-
cation.
THE CONSEQUENCES OF SHUTOFF FOR THE
HOST CELL
The arrest of synthesis of enzymes involved in basic
metabolic processes and/or proteins with structural
roles is potentially damaging for the cell. The extent of
this damage would depend on the persistence and in-
tensity of the shutoff. Eventually, the damage could result
in CPE, culminating in necrosis and cell lysis. Certainly,
the common outcome of animal virus infections of cell
cultures is lysis. However, there have been few studies
FIG. 2. Shutoff of cellular genes and induction of HSP70 and polyubiquitin associated with PSbMV replication. The figure shows the results of in
situ hybridization on near consecutive sections of PSbMV-infected pea tissues. Positive detection of specific RNAs is shown by the dark staining on
the tissue section. (A) Diagrammatic representation of a section of a pea seed; the portion of the tissue which appears in the other panels is identified
(box); (B) detection of genomic viral (1)RNA; (C) detection of viral (2)RNA equating to the cells where the viral RNA is, or has recently been, replicating;
(D to F) detection of HSP70, polyubiquitin, and lipoxygenase RNA, respectively. The lipoxygenase probe records the shutoff effect. Induction of HSP70
and polyubiquitin genes coincide within the shutoff area and the area of viral RNA replication (Aranda et al., 1996). In this example, both phenomena,
shutoff and induction, occur in a tissue of complex structure where cell types corresponding to different vegetative components of the mature plant
are equally affected. Note the recovery from shutoff (restoration of lipoxygenase expression; arrow) within the infected area.
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that demonstrate a direct causal link between shutoff
and CPE. One good example is VSV infection which
leads a variety of CPEs and cell rounding. The VSV M
protein, when expressed in the absence of other viral
components, causes host gene shutoff and gives rise to
cell rounding. Moreover, the latter property correlates
with the ability to suppress host gene expression and not
with a second identified function of this protein, the
assembly of the virus (Lyles and Mckenzie, 1997). Alter-
natively, and perhaps more likely, it is possible that CPE
and shutoff could represent dissociated events triggered
by different viral elicitors, as appears to be the case in
sindbis virus infections of HeLa cells (Frolov and
Schlesinger, 1994) or by a single viral elicitor with multi-
ple functions. It is even possible that CPE might be
responsible for shutoff. For example, it has been pro-
posed that the modification of membrane permeability
that occurs after EMCV infection is responsible, at least
partially, for shutoff (Lacal and Carrasco, 1982). From our
limited observations of compatible infections with sev-
eral different viruses in plant tissues the situation ap-
pears to be different in that no obvious CPE is apparent
in cells showing shutoff (Wang and Maule, 1995; Aranda
et al., 1996; unpublished data). However, electron mi-
croscopy has shown a rapid but transient loss of endo-
plasmic reticulum linked to shutoff onset (Roberts et al.,
1997). The long-term consequence of shutoff was not cell
lysis or necrosis. However, we have proposed that the
transient shutoff seen in these cells could act as a trigger
for a series of physiological changes manifested later as
virus-induced symptoms (Te´csi et al., 1996). More de-
tailed observations are required to clarify this aspect for
both plants and animals. Systems where analyses can
link events in tissues, both spatially and temporally, will
be particularly informative.
THE CONSEQUENCES OF SHUTOFF FOR THE
HOST ORGANISM
For obvious practical reasons, highlighted in our
search for a suitable system to study of plant virus
infection, it has been difficult to analyze shutoff in the
context of the intact host tissue or the whole organism.
Much progress has been made in the characterization of
the response to animal virus infection through the use of
cultured cell lines but it has not been possible to relate
these findings directly to effects on the whole organism.
It is true that many animal viruses give rise to necrogenic
infections and shutoff-induced CPE and cell lysis could
be the cause in some cases.
A role for shutoff in some of the more complex relation-
ships, such as tissue tropism and maintenance of persis-
tent infections, has not been formally investigated. A poten-
tial example of the former is the case of PV infecting K562
cells. Hemin treatment induces the differentiation of K562
cells and this correlates with an increased translational
shutoff and increased viral RNA accumulation compared
with nontreated cells (Benton et al., 1996). Further, the ability
of a virus to subvert host gene expression might determine
its tissue tropism. For example, HSV-1 vhs mutant viruses
which do not induce early host shutoff fail to invade the
corneal epithelium, whereas wild-type viruses colonize it
(Strelow et al., 1997).
Persistence is a condition where the virus resides in
the cell but neither initiates a productive infection nor
elicits CPE. It has been suggested that persistence is
dependent upon the failure to elicit a shutoff effect
(Ahmed et al., 1996) although, to our knowledge, specific
experiments designed to test this have not been re-
ported. In plant tissues, cells exhibit a shutoff state and
a productive infection but then recover from shutoff to
reach a state conceptually equivalent to persistence.
These cells have massive accumulations of progeny
virus but viral RNA replication has ceased and host gene
expression has been restored. What factor(s) controls
this condition is not known. As in true persistence, these
cells provide a reservoir of virus for the establishment of
subsequent infections.
An explanation for the correlation of animal virus-
induced shutoff with cell lysis and plant virus-induced
shutoff with recovery might lie in an examination of the
modes of virus transmission within and between individ-
ual hosts. In animals, the use of cell surface receptors for
virus infection, the humoral system, and virus transmis-
sion by body or fluid contact means that cell lysis, and
not shutoff recovery, could be advantageous. Since plant
viruses are essentially restricted to the symplast, pass-
ing from cell to cell through plasmodesmata, release of
the virus into the extracellular environment following
lysis would not provide new opportunities for infection of
other cells and tissues. In fact, lysis of cells within the
physical restriction of the cell wall would be of little value
anyway. In plants, the nearest equivalent to lysis is ne-
crosis or hypersensitivity. This is a common feature of
the resistant host reaction and restricts the virus to small
areas of tissue. In cases where this restriction is less
than absolute, systemic necrosis can result in death of
the individual. This effectively isolates the virus within
the population since the dead plant would not be used
as a feeding source by insect and other virus vectors.
From an evolutionary viewpoint this could confer a se-
lective disadvantage on such a virus.
In conclusion, although much has been learned in the
last few years about virus multiplication and its cellular
consequences, a greater depth of understanding is re-
quired in order to relate the observations made at the
cellular level with the biology of viruses in their host
organisms. The combination of genetics and molecular
and cell biological techniques will provide further and
new opportunities for understanding these complex in-
teractions in plants and animals, as well as new tools for
the fundamental understanding of cellular processes.
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